Bacteriocins are relatively small (3-10 kDa), antibacterial peptides or proteins produced by various bacteria [23, 25] . Owing to the inhibitor activity against different types of pathogenic and spoilage bacteria, bacteriocins are widely used as food preservatives in the food industry and as biopesticide against phytopathogenic bacteria in agriculture [33] .
Bacteriocins are categorized into four classes [12, 23, 25] . Class I (lantibiotics) contains unusual amino acids such as lantionines and β-methyllan-thionines. Class II (non-lantibiotic) bacteriocins are small, heat-stable compounds including Listeria-active peptides, thiol-activate peptides, and two peptides complexes. Class III bacteriocins are heat stable and large proteins. Class IV bacteriocins are complex proteins that contain essential lipid or carbohydrate moieties in addition to a protein component [2] .
Members of the genus Bacillus are known to produce a wide potential of antimicrobial substances, including peptide and lipopeptide antibiotics, particuarly bacteriocins, which represent the predominant class [1] . The well-known bacteriocins produced by genus Bacillus are subtilin and coagulin. Subtilin is a lantibiotic produced by B. subtilis ATCC 6633 [26] . Its sequence, structure, and mode of action are similar to those of nisin licensed for use as a food preservative [14, 16] . Coagulin, synthesized by Bacillus coagulans, is an anti-listerial bacteriocin (cystibiotic) belonging to the pediocin family [22] . In addition, the strains of B. thuringiensis produce a variety of bacteriocins such as thuricin [17] , thuricin B439 [2] , thuricin 17 [20, 29] , thurincin H [28] , thuricin S [8] , tochicin [32] , bacteriocin uviB [3] , bacthuricin F4 [24] , thuricin 7 [9] , entomocin 9 [10] , entomocin 110 [11] , and other bacteriocinlike inhibitory substances (BLIS) such as morricin 269, *Corresponding author Phone: +90-462-377-3320; Fax: +90-462-325-3195; E-mail: zihni@ktu.edu.tr kurstacin 287, kenyacin 404, entomocin 420, and tolworthcin 524 [4, 15] .
Unfortunately, useful information related to the chemical nature, activity spectrum, and characteristics of bacteriocins produced by B. thuringiensis is limited. As synergistic factors acting together with other metabolites, the bacteriocins produced by B. thuringiensis have attracted a growing interest in the last decade owing to applications in biotechnology.
In this study, we report the identification, purification, and characterization of thuricin Bn1, a novel thuricin-like and anti-listerial bacteriocin produced by B. thuringiensis subsp. kurstaki Bn1 (Bt-Bn1) isolated from a common pest of hazelnut, Balaninus nucum. It is active against the species of the B. cereus group and other Gram-positive bacteria, and is potentially useful for the control of these pathogenic bacteria in industrial areas.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
The bacteriocin producer used in this study is a strain of B. thuringiensis subsp. kurstaki Bn1 (Bt-Bn1), isolated from Balaninus nucum (Coleoptera), a significant pest of hazelnut in the Black Sea Region of Turkey [34] . The bacterial strains used as indicator organisms were obtained from various culture collections and are shown in Table 1 . The producer strain and the indicator bacterium were maintained at -80 o C in nutrient broth (NB) supplemented with 30% glycerol. Working cultures were propagated in tryptic soy broth (TSB) and tryptic soy agar (TSA) at 30 o C.
Determination of Antibacterial Activity and Inhibitory Spectrum
The Bt-Bn1 strain was screened for the presence of antibacterial activity with an agar spot assay on TSA medium [32] . The well diffusion method was used to detect the antibacterial activity of the bacterial supernatant and to determine the activity spectrum of the antibacterial substance [31] . Bt-Bn1 was cultivated overnight in TSB medium at 30 o C. The culture was centrifuged (10,000 ×g for 15 min) and filtered using a membrane filter with 0.45 µm porosity and stored at +4 o C. It was named as the partial-purified bacteriocin preparation (PPBP) at this stage. The indicator bacteria (10 6 colony forming units) were added to 5 ml of soft TSA medium (contained 0.7% agar). After cooling the medium, wells were sliced into the agar plates and 100 µl of PPBP was placed into each well. The appearance of the inhibition zone was determined after 12-16 h of the incubation. B. thuringiensis subsp. canadensis HD30 was selected as the indicator bacterium because of its high sensitivity. In order to determine the activity units per milliliter of culture (arbitrary unit, AU/ml), serial dilutions of the filter-sterilized supernatant fluid were prepared and used in a well diffusion test against the indicator sensitive strains.
Kinetics of Bacteriocin Production
In order to detect bacteriocin activity during the growth cycle, the producer strain was inoculated [1% (v/v)] into 500 ml of sterile TSB medium and incubated at 30 o C. Samples were aseptically removed at every 2 h. Both optical density (OD 600 ) by using a spectrophotometer (UVmini-1240) and bacteriocin activity by using the agar well diffusion assay were measured during a period of 80 h [9] .
Mode of Action of the Bacteriocin
In order to determine the mode of action of the purified bacteriocin, the method used by Gray et al. [20] was followed. B. thuringiensis subsp. canadensis HD30, selected as the indicator bacterium, was grown in NB until the OD 600 of 0.35-0.40. At this stage, cultures were diluted with sterilized medium to adjust the OD 600 to 0.27-0.30. Cultures were then split into 10 ml aliquots. Volumes of 0, 10, 100, 500, and 1,000 µl of PPBP were added to the cultures. Results were confirmed by the measurement of cell density and by counting the viable colony forming units (CFU) log/ml.
Effects of Temperature, pH, and Enzymes on the Inhibitory Activity of the Bacteriocin In order to determine the effect of heat on the inhibitory activity of bacteriocin, the sample of PPBP was exposed to different temperatures ranging from 30 To test the susceptibility of bacteriocin to enzyme, the sample of PPBP was treated for 1 h with proteinase K and assayed for bacteriocin activity against B. thuringiensis ssp. canadensis HD30 by the agar well diffusion assay.
Purification of the Bacteriocin
The bacteriocin was purified with ammonium sulfate precipitation, dialysis, ultrafiltration, gel filtration chromatography, and HPLC from the active bacteria supernatant. A fresh culture of Bt-Bn1 was prepared in TSB. The bacteriocin containing active cell-free culture supernatant was obtained by centrifugation (10,000 ×g for 15 min) and was filtered using a membrane filter with 0.45 µm porosity and the bacteriocin-containing supernatant was obtained as PPBP. Solid ammonium sulfate was slowly added to 80% saturation at 4 o C with constant stirring overnight. Precipitated proteins were pelleted by centrifugation (10,000 ×g for 30 min, 4 o C) and resuspended in dH 2 O. Then, this sample was dialyzed against dH 2 O for 20 h in Spectra-Por no. 3 dialysis tubing (molecular weight cut-off; 5000, Spectra). The resultant solution was stored at 4 o C. For gel filtration chromatography, dialysate containing bacteriocin (3 ml) was applied to a column (2 cm interior diameter) of Sephadex G-50 (Sigma) equilibrated with dH 2 O (0.5 ml/min flow rate). The column flow was initiated with dH 2 O and until it was resumed the absorbance at 280 nm returned to zero. Fractions (1.5 ml) were collected and their activities were determined by well diffusion assay. Active fractions were concentrated with a filtration tube (molecular weight cut-off; 3000, Sartorius). Then, the concentrated sample of gel filtration chromotography was loaded to an Agilent Zorbax 300 SB-C18 column of HPLC (Agilent 1260, USA). Elution was performed with 5%, 35%, 70%, and 95% of acetonitrile as linear gradient (0.5 ml/min flow rate). Absorbance was monitored at 280 ± 4 nm and fractions were collected. These fractions were then tested for antibacterial activity against the indicator strain by agar well diffusion to find the fraction containing the active molecule. At each step of the purification, bacteriocin activity was assayed against B. thuringiensis ssp. canadensis HD30. At the same time, the Bradford [7] method was followed to determine the amount of protein.
Mass Spectroscopy
Electrospray time-of-flight mass spectrometry, ESI-TOF-MS (Agilent 6230, USA), was performed to determine the accurate molecular mass of the HPLC-purified bacteriocin (Giresun University Research Center). The HPLC-purified bacteriocin sample (1 µl) was injected to the column of the ESI-TOF-MS. Both positive-ion mode and negative-ion mode were used by the electrospray ionization. The ESI-TOF-MS was upgraded to 4 GHz for high-resolution data acquisition and equipped with Mass Hunter software for data analysis. The spectrometer conditions were adjusted as capillary voltage: 3500V; nebulizer pressure: 20 psi; drying gas: 12.0 l/min; gas temperature: 
SDS-PAGE and Direct Detection of Bacteriocin
To estimate molecular weight of the purified bacteriocin, polyacrylamide gel electrophoresis (PAGE) was performed by standard protocols using Tris-glycine buffer [27] . Molecular weight markers for peptides ranging from 3.4 to 100 kDa (Fermantas) were used as a standard. Samples of purified bacteriocin were run on a SDS-PAGE gel (15%) and compared with the protein standards. After electrophoresis, the gel was cut vertically. The first part containing samples of purified bacteriocin and protein standards were stained with Coomassie brillant blue R-250 to estimate the molecular weight of the separated proteins. The other part of the gel was assayed for direct detection of bacteriocin activity according to Cherif et al. [9] . This part was fixed in 25% isopropanol and 10% acetic acid for 30 min, washed with dH 2 O for 3 h, and overlaid in a petri dish with 5 ml of soft TSA medium containing the indicator strain. The petri dish was incubated at 30 o C for 24 h. Direct detection of the bacteriocin was determined using the indicator strain B. thuringiensis ssp. canadensis HD30 and observed for the presence of an inhibition zone.
Plasmid Curing
Curing studies were conducted to determine the possible linkage of bacteriocin production with plasmid DNA or chromosomal DNA. The plasmid curing was performed by protocols using ethidium bromide [21] . The method was used in TSB medium (2 ml) containing increasing concentrations of ethidium bromide (1-500 mg/ml). The Bt-Bn1 strain was inoculated and cultured overnight. The culture that contained the highest concentrations of ethidium bromide was selected. The bacterium culture in the selected tube was diluted and inoculated to TSA medium. After the incubation period, a single colony was selected and investigated for the bacteriocin activity by the agar spot assay and agar well diffusion assay against B. thuringiensis ssp. canadensis HD30.
RESULTS
Determination of Antibacterial Activity and Inhibitory Spectrum Bacillus thuringiensis subsp. kurstaki Bn1 (Bt-Bn1) isolated from Balaninus nucum (a common pest of hazelnut) was screened to determine whether it expresses bacteriocin or bacteriocin-like substances by the agar spot assay against indicator B. thuringiensis strains [32] . The antibacterial substance produced by Bt-Bn1 strain was obtained from the culture supernatant. The well diffusion assay was used to determine the antimicrobial spectrum of the substance. Its activity against Gram-positive and Gram-negative indicator bacteria was determined. The results showed that Bt-Bn1 produces an antibacterial substance similar to bacteriocin. Table 1 shows the inhibitory activity of this active molecule against various bacteria including important pathogenic and spoilage microorganisms such as B. cereus, L. monocytogenes, P. savastanoi, P. syringae, P. lemoignei, many different B. thuringiensis strains, and B. weihenstephanensis. Among these indicator bacteria, B. thuringiensis ssp. thuringiensis HD30 was selected as an indicator strain to use in the next steps because of its higher sensitivity.
Kinetics of Bacteriocin Production
Bacteriocin production started at the early logarithmic phase in the growth cycle as a primary metabolite and continued until the beginning of the stationary phase. The highest level of bacteriocin activity was recorded at the mid-stationary phase of growth in TSB at 30 o C (Fig. 1) .
Mode of Action of the Bacteriocin
The mode of action of the bacteriocin was determined for both the bactericidal effect and the bacteriostatic effect by the decreasing number of surviving cells (CFU/ml) and by the decreasing OD of the indicator strain. Whereas bacteriocidal effect was observed at high levels (1,000 µl and 500 µl), a bacteriostatic effect was observed at low levels (100 µl) (Fig. 2) .
Effects of Temperature, pH, and Enzymes on the Inhibitory Activity of the Bacteriocin For characterization, the effects of heat, pH, organic solvents and enzyme on bacteriocin activity were determined. Partially purified bacteriocin was found to be sensitive to proteinase K (Table 2 ). These data indicate that the inhibitory substance is proteinaceous in nature. Inhibitory activity was unaffected at 50 o C for 30 min, and 50% of activity still remained after a heat treatment at 70 o C for 30 min, but its activity was completely lost at the higher (-• -) ; 100 µl, (-■ -); 500 µl, (-▲ -); 1,000 µl partial purification bacteriocine preparation (PPBP) was added in indicator bacteri (B. t. subsp. canadensis HD30) culture and (-■-); control was not added PPBP, it is including only indicator bacteria. temperature ( Table 2 ). The bacteriocin produced by strain Bt-Bn1 was completely stable at pH 6, 7, and 8, and 50% of activity remained at the pH values between 5 and 9, but the majority of activity was lost at the other pH values ( Table 2) .
Purification of the Bacteriocin
Firstly, the bacteriocin was partially purified and concentrated by ammonium sulfate precipitation. Precipitation of active culture supernatant of Bt-Bn1 with ammonium sulfate resulted in the highest yield (50%) in terms of the antibacterial activity. Then, this sample was dialyzed, concentrated, and named as the concentrated dialysate. At this stage of purification, the purification factor reached up to 20.86, and the specific activity was calculated as 13087.80 AU/mg (Table 3 ). The purified samples were stored at +4 o C. The sample of concentrated dialysate was loaded onto a Sephadex G-50 column and a total of 60 fractions, each of 1.5 ml were collected at a flow rate of 0.5 ml/min. Antimicrobial assay of these fractions were performed using indicator strain. The bacteriocin activity was detected from 11 to 30 fractions (Fig. 3) . At this stage of purification, the purification factor reached up to 31.38 and the specific activity was calculated as 19,692.31 AU/mg (Table 3) . At each step of the purification, bacteriocin activity was determined against B. thuringiensis ssp. canadensis HD30 by agar well diffusion assay (Fig. 4) .
The bacteriocin preparation obtained with gel filtration chromatography was loaded onto a HPLC column. The eluted 12 fractions were collected and checked for bacteriocin activity with agar well diffusion assay. One of 100  50  30  100  50  60  88  50  90  75  70  30  50  70  60  14  70  90  0  90  30  0  90  60  0  90  90  0  100  30  0  100  60  0  100  90  0  121  20  0  pH  2  3 0  3  3  3 0  6  4  3 0  2 5  5  3 0  5 0  6  30  100  7  30  100  8  30  100  9  3 0  5 0  10  30  3  11 30 3 Fig. 3 . Gel filtration chromatography chromatogram of thuricin Bn1.
The arrow corresponds to the peaks of thuricin Bn1 eluted from sephadex G-50 column. (-■-) ; activity, (-•-); absorbance (280 nm). The arrow shows the active fractions. (Fig. 5) . At this stage of purification, the purification factor reached up to 78.46 and the specific activity was calculated as 49,230.80 AU/mg (Table 3) .
Mass Spectroscopy ESI-TOF mass spectrometry analysis on the HPLC-purified sample revealed the presence of two distinct peaks, corresponding to triply and doubly charged ions (m/z 1047.14 and m/z 1570.70, respectively), allowing the determination of a monoisotopic mass of 3,139.40 Da (Fig. 6 ).
SDS-PAGE and Direct Detection of Bacteriocin
Samples of bacteriocin purified with ammonium sulfate precipitation and HPLC were run on a SDS-PAGE and compared against a protein standard. After SDS-PAGE, the gel of CBB-staining showed a major band of approximately 3 kDA. The gel used for direct detection of antibacterial activity had a single and clear inhibition zone of the indicator cells corresponding with a 3 kDA protein, indicating that bacteriocin could be associated with a low molecular mass protein (Fig. 7) . The molecular mass of the bacteriocin was estimated by SDS-PAGE and confirmed by the ESI-TOF-MS data as 3,139.40 Da.
The bacteriocin identified in this study resembled previously determined bacteriocins, the thuricins, produced by several Bacillus thuringiensis strains. However, it had some different characteristics (Table 1 and Table 2 ), and therefore, it was named as bacteriocin thurincin Bn1.
Plasmid Curing
Plasmid curing studies showed that the gene responsible for bacteriocin thuricin Bn1 of the Bt-Bn1 is located on the chromosome, since the plasmid curing studies indicated that the Bt-Bn1 strain has not lost the antibacterial activity.
DISCUSSION
In this study, we purified and characterized a novel bacteriocin produced by an entomopathogenic bacterium, The arrows corresponds to the peak of thuricin Bn1 eluted from a reverse-phase C18 HPLC column (31.460 min) and (★); activity of thuricin Bn1 containing fraction 12 with well diffusion assay.
B. thuringiensis subsp. kurstaki (Bt-Bn1). So far, many bacteriocin-producing strains of B. thuringiensis isolated from various environmental samples have been extensively studied. Whereas these bacteriocin producers are isolated from soil, honey, and rot nodules, the bacteriocin producer of this study was isolated from a common pest of hazelnut, Balaninus nucum. Therefore, this is the first study presenting that an insect-originated B. thuringiensis produces bacteriocin and it has been studied in detail.
The antibacterial substance produced by strain Bt-Bn1 was obtained in the culture supernatant by the well diffusion assay, and the antimicrobial activity of this The identified bacteriocin is very similar to the previously determined bacteriocin, thuricin [20, 28] . However, we found that this molecule has different biochemical characteristics (Table 2) , inhibition activity spectrum (Table 1) , and especially origin of bacterial isolate, and therefore, it was named thuricin Bn1 as a novel bacteriocin.
Whereas some bacteriocins from strains of B. thuringiensis present a narrow antimicrobial spectrum [2] , some of them have a wide antimicrobial spectrum [8] . The thuricin Bn1 was compared with thuricin 439, which has a wide antimicrobial spectrum, and it was also compared with thuricin S, which has a narrow antimicrobial spectrum. In addition, we can conclude that this bacteriocin is highly similar to thuricin H and thuricin 7 related to activity against L. monocytogenes especially.
Thuricin Bn1 production was started at the early logarithmic phase in the growth cycle as a primer metabolite and continued until the beginning of the stationary phase. The highest bacteriocin activity was demonstrated to be produced at the middle of the logarithmic growth phase similar to thuricin [17] , tochicin [32] , and cerein [30] .
Thuricin Bn1 showed bacteriocidal and bacteriolytic effects towards sensitive strains like B. thuringiensis subsp. canadensis HD30. Similar results were recorded for entomocin 110, whose activities were also bacteriocidal and bacteriolytic, but only thuricin 7 causes bacteriolytic activity [9, 11] . It is known that the mode of inhibition of bacteriocins depend on the available bacteriocin concentration in nature and the physiological stage of the sensitive strain. In general, the bacteriocins of B. thuringiensis display bacteriocidal or bacteriolytic effects depending on the concentration [20] .
The activity of thuricin Bn1 was completely lost after treatment with protease K. This proved that thuricin Bn1 is proteinaceous in nature and is a bacteriocin. Other bacteriocins produced by Bacillus such as thuricin S and entomocin 110 are often more sensitive to extracellular proteases [8, 20] . Inhibitory activity of thuricin Bn1 was lost at 70 o C and higher temperature for 60 min. The thuricin Bn1 was stable at different pH values. The biochemical properties of thuricin Bn1 are different than other bacteriocins of B. thuringiensis strains [8, 11] .
The thuricin Bn1 was purified from cell-free culture supernatant of Bt-Bn1 strain with a multistage purification procedure. At the final stage of these studies, the bacteriocin thuricin Bn1 was purified 78-fold. In some other studies, bacteriocin thuricin 439 produced by B. thuringiensis strain B439 was purified 32-fold, and bacteriocin thuricin S produced by a B. thuringiensis strain was purified 90-fold [2, 8] .
The estimation of the apparent molecular mass of the HPLC-purified thuricin Bn1 was made by direct detection of the antibacterial activity on SDS-PAGE. The detection of bacteriocin activity directly in SDS-PAGE is simple, sensitive, and rapid, and is the most widely used method. Result of SDS-PAGE CBB-stained gel for the protein band and the non-stained gel for the direct bacteriocin activity showed that the molecular mass is 3 kDa. On the other hand, the more accurate determination of molecular mass by a mass spectrometry analysis (ESI-TOF-MS) demonstrated that it has a molecular mass of 3,139.40 Da. The results of the data obtained from the SDS-PAGE and mass spectrometry analysis confirmed each other. When the molecular mass of thuricin Bn1 was compared with other bacteriocins, thuricin H especially showed high similarity [28] . However, the activity against L. monocytogenes and B. cereus of the thuricin Bn1 was very similar to the other bacteriocins [9, 28] . Therefore, all the features of the thuricin Bn1 were not completely similar to other identified bacteriocins of B. thuringiensis strains such as thuricin S, thuricin 17, and thuricin H.
Plasmid curing studies showed that the gene responsible for thuricin Bn1 is located on the bacterial chromosome. The features of the thuricin Bn1 compared with the thuricin H were similar [28] , but more detailed studies are needed in order to exactly clarify the molecular mechanism.
Our results clearly show that the molecular weight of thuricin Bn1 produced by B. thuringiensis subsp. kurstaki Bn1 resembled that of the other bacteriocins produced by B. thuringiensis such as bacthuricin F4, thuricin H, thuricin S, and thuricin 17. However, the physicochemical properties of the thuricin Bn1 show that it is more sensitive to temperature and pH compared with other bacteriocins. For instance, thuricin S conserved its activity when boiled for 10 min, and its activity was stable over a wide pH range (between pH 3 and 10.5), whereas thuricin 17 conserved its activity when boiled for 15 min and the pH stability was between 1.00 and 9.25. On the other hand, thuricin Bn1 activity was stable over a narrow pH range (5-9) and completely lost its activity when it was heated at 70 o C for 90 min.
This study reveals that the B. thuringiensis subsp. kurstaki Bn1 strain produces a new small, heat-stable antibacterial peptide, named as thuricin Bn1. This bacteriocin exhibits a large inhibitory spectrum, which includes B. cereus, B. weinhenstephenensis, L. monocytogenes, P. savastanoi, P. syringae, P. lemoignei, and B. thuringiensis strains. Because thuricin Bn1 had some similarities with the thuricin H, thuricin S, and thuricin 17 including in this class, this bacteriocin could be classified as a subclass of B. thuringiensis strain bacteriocins, subclass II.2, as proposed by Abriouel et al. [1] . The potential of Bacillus species to produce antimicrobial substances has been recognized for more than 50 years and peptide's antibiotics represent the predominant class. Many bacteriocins or bacteriocin-like inhibitory substances in the genus Bacillus have been reported [19] . The capacity to produce antimicrobial peptides as bacteriocin is widely spread among B. thuringiensis strains.
Entomocin 110 and thuricin 7 obtained from B. thuringiensis strains could be used to control L. monocytogenes, preventing spoilage of raw milk and dairy products caused by B. weihenstephanensis [9, 11] . Morrisin 269, kurstacin 287, kenyacin 404, entomocin 420, and tolworthcin 524 produced by five Mexican strains of B. thuringiensis and thuricin 17 could be used as preservatives or bioactive components in food packages to inhibit the growth of bacteria that secrete toxins and produce diarrhea, such as Bacillus cereus [4, 20] . The bacteriocins obtained from Mexican strains of B. thuringiensis were applied in the control of mastitis [5] . Thuricin CD could be employed as an antibiotic in the treatment of diarrhea associate with Clostridium difficile.
In addition, B. thuringiensis is widely used as a biopesticide in agriculture for the control of many insect pathogens and is distinguished from other closely related Bacillus species by its ability for the production of crystal proteins with a specific activity against insects belonging to Diptera, Coleoptera, and Lepidoptera [6] , nematodes, mites, and protozoa [18] .
The current study shows that B. thuringiensis subsp. kurstaki Bn1 has bifunctional properties in agriculture. It is active against insects via a crystal protein [11] and active against plant pathogenic bacteria via a bacteriocin. On the other hand, the genus Bacillus includes a variety of species with a history of safe use in industry. The proteinaceous nature of bacteriocins and crystal protein samples suggest their use as natural preservatives in foods [13] . In addition, bacteriocins have especially gained importance as natural biopreservatives for control of spoilage and pathogenic organisms in foods.
